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So far...

» Some models describing the refining mechanism
have been proposed. [99Easton] [04,05Quested]

* Cellular-automaton has been applied to simulate
the refinement in solidification of Al alloys ! .

+ It has been proposed that the multi-phase field
model using Seed Density Model, radius and
density distributions of nuclei, is valuable to
simulate the refinement for equiaxed solidification
of Al alloy? .

[1] H.W.Hongwei and K.Nakajima, will be publishied
[2] B.Boettger, J.Eiken and I.Steinbach, Acta Mater., 54(2006) 2697-2704 22

Basic technique for refinement

* The grain refinement of aluminum alloys which
can be achieved by the addition of master alloys
to the melt has been an important technique,
inoculation, for improving mechanical
properties.

* The most widely used master alloys for o -Al
are based on some compounds of Al-Ti-B, in
which TiB; particles work as an effective
refiner.

[97Spittle][99Lee]

20

Aims of this study

* We will rigorously confirm that the grain sizes
for equiaxed solidification of Al alloy calculated
by the multi-phase field model" coupled with
CALPHAD? and by using calibrated seed density
model data are in agreement with experimental
measurements in various Ti contents.

1) http://www.micress.de/ BRI A
2) http://www.thermocalc.com/index.html y X ——

Refinement mechanism

0.03wt%Ti wi%Ti added
., 30A(1999), 1625-1633

0.03wt%T:
1) M.Easton and D.StJohn, Metallurgical and Materials Tt

* The main factors for grain size refinement are not only the
density and radius distribution of TiB; particles, but also
the Ti content. [99Lee] etc.

* The growth restriction factor [GRF] is a parameter of the
strength of the refinement effect.

. GRF:mL(k-l)Co 21

Seed Density model

B.Boettger, J.Eiken and I.Steinbach, Acta Mater.,
54(2006) 2697-2704




Distribution of Seed Density model

Virtually initial-distributing

Seed Density, m3

Radius, ¢ m

Checking AG value compared with
nucleation energy

Calculation conditions

* Area size: (600 4 m,600 u m)

* Grid size: 2.0« m

- Interfacial energy[J/m?]: 0 rcc. =0.1 [88T.Lida&R.L.Guthrie]

[06K.Nakajima]
» Diffusivity [m?/s ]: Dy-= 5% 10-° [88T.Lida&R.L.Guthrie]
D.F¢C < Diffusion Database “MOB2”

- Latent heat [J/m3]: Hc=1.08 x 10°

- Specific heat [J/m3K ]: Cp, =2.6 x 108,
CPrec=2.5% 108

- Interface mobility[m* /J/s ]: Mgcc. =5% 1010 T>931K,

Mrcc.l=5% 1012 T=<931K
- Heat extraction ratio[J/s/m3]: 50 x 10° 28

JSME Databook

Calculation for Al-Ti alloys
containing TiB, particles

Calibration of seed density and radius for a-
Al nucleus size of equiaxed solidification
+Seed model A: 0.12wt%TiB,

500 1.E+06
]
00 Exper.?) calibrated 2 :
- 0.120t9%TiB, [o} 1 T 2
Et g Ll
L 1Ev0s £ o
~ 300 ] = .
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2 200 H
K o 1E04 £ o
5 ®
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Z 10 3 .
3 o.
0 002 004 006 008 0.1 1E+03
VAT 0 01 02 03 04 05
Radius, 4 m
= Min. nucleation temperature :
1) M.Easton and D.StJohn, Metallurgical and Materials Trans., 30A(1999), 1625-1633 29

2) B.Boettger, J.Eiken and |.Steibach, Acta Mater., 54(2006) 2697-2704

Quasi-phase diagram of Al-Ti system (0.03wt%B)

hypoperitectic contents

TEMPERATURE CELSAS
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*TiB, phase is steady at temperatures higher than 665°C
- TiB, particle is a good nucleant for « -Al [99Easton][02Murty]

Seed Model B for 0.03wt%TiB,

Assumption

*Radius distribution of inoculants is constant
regardless of TiB, content

@ Seed model A
1E+06
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Number of particles in seed
model B =
1/4 x that of model A

Seed density, 1/cm3
g
E
o
o
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1.E+03

01 02 03 04 05
Radius, ¢#m




Cooling curves with variations of Ti contents Grain size with variation of Ti contents

and additions of 0.12 and 0.03wt%TiB, on additions of 0.12 and 0.03wt%oTiB,
938 : : 600 — ‘ ‘ ;
——0.10wt%Ti, Seed Model A‘L» . i . Experimental? calculation
W1\ T O S Model S oo oo || BERETORE °

-—0.02wt%Ti, Seed Model B—1—0.03wt%TiB, .. 0.03Wt%TiB2 o o

936 [ i i (Seed model B)
x '
~ 400
935 [
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g w4l 2300
2 £
<
933 [ ! &
R A T 20
932 [ ) ' 1 4
931 L L L L 100 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.02 0.04 0.06 0.08 0.1
time / s wt%Ti 34

1) M.Easton and D.StJohn, Metallurgical and Materials Trans., 30A(1999), 1625-1633

a-Al grain distributions with variations of Ti
contents and additions of 0.12 and 0.03wt%TiB,

0.1wt%Ti and 0.12wt%TiB> (Model-A) 0.06wt%Ti and 0.12wt%TiB, (Model-A) %
NG e i f i —5—Calculation: model A/B

-4=--Experiment: 0. 12wt%/0.03wt% TiB2

Solute effect for refinement

| Solute effect dominant
1

1
n| Solute effect limited

; L J
0.02wt%Ti and 0.12wt%TiB, (Model-A) 0.02wt%Ti and 0.03wt%TiB, (Model-B)

Grain number density ratio

-

Animations of a-Al grain distributions

0lwt%TlandO12wt%T1Bz(Model A) 0.02wt%Ti and 0.03wt%TiB, (Model B) Calculatlon for AI'ZWt%Sl'Tl
alloys containing 0.12wt%TiB,
particles




Calculation conditions

+ Area size: (600 £ m,600 u m)
- Grid size: 2.0um
+ Seed density model for «-Al nuclei: Model-A
(assuming as same as Al-Ti- B Case)
« Interfacial energy[J/m?]: 05, =10.0 ¥
- Diffusivity [m?/s ]: Dgt=5x10°  [88T.Lida&R.L.Guthrie]
Dg ¢ < Diffusion Database “MOB2”
- Latent heat [J/m?]: Hg=1.16 x 10° JSME Databook
- Specific heat [J/m3/K ]: Cpg;=2.31 x 106
+ Interface mobility[m* /J/s ]: Mg =1 % 1013
Other values were the same as the previous case

37
[1] B.Boettger, J.Eiken and |.Steibach, Acta Mater., 54(2006) 2697-2704

a@-Al grain size with variations of Ti contents

150

Grain Size, um

%

0 0.05 (Xl 015
wthTi

Tendency for grain size to decrease with increase of
solute-Ti increasing is in qualitative agreement with
experimental mesurements?) . However, the experimental
data in constant TiB, content is more necessary to

calibrate seed density. 4
[1] Y.C.Lee et.al., Material Science and Engineering A259(1999) 43-52

a@-Al and Si grain distributions with
variations of Ti contents

0.01wt%Ti _ 0.05wt%Ti

0.1wt%Ti (Owt%Si) _

Conclusion

* It has been confirmed that the multi-phase field
model working with CALPHAD databeses can
be an effective tool to simulate equiaxed
solidification of Al alloys.

It is important for quantitative simulation to
obtain the seed density data by calibration
comparing with solidification experiments.
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Animation of Si wt% distribution

0.01wt%Ti 0.15wt%Ti

Conclusion

* It has been confirmed that the multi-phase field
model working with CALPHAD databeses can
be an effective tool to simulate equiaxed
solidification of Al alloys.

+ It is important for quantitative simulation to
obtain the seed density data by calibration
comparing with solidification experiments.
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